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a  b  s  t  r  a  c  t
Heat  treatment  is  often  used  during  the  processing  of plant-derived  biomass  to  precipitate  host  cell  pro-
teins  (HCPs)  and  thus  simplify  the  puriﬁcation  of target  proteins.  Plants  uniquely  allow  this  precipitation
step  to  be  applied  within  intact  leaves  rather  than  large  volumes  of  cell  culture  supernatant  or  extract.
However,  it  can  be expensive  and time  consuming  to  identify  the  optimal  conditions  for HCP  removal
even  when  applying  statistical  experimental  designs,  such  as  the  design  of  experiments  (DoE)  approach.
An  alternative  strategy  that  additionally  yields  mechanistic  insights  is  the  modeling  of  heat  transfer
within  solid-state  biological  specimens,  such  as  whole  leaves.  Here  we  present  a method  for the  numeric
simulation  of heat  treatment  in  tobacco  (Nicotiana  tabacum)  leaves,  and  N.  benthamiana  leaves  and  whole
plants,  using  input  parameters  such  as the  heating  temperature,  heat  transfer  coefﬁcient,  speciﬁc  heat
capacity  and  thermal  conductivity,  taking  convective  and conductive  heat transfer  into  account.  Incuba-odeling
ptimization
tion  times  of 0.5–1.0  min  were  sufﬁcient  to reach  thermal  equilibrium  at typical  heat transfer  coefﬁcients
of  20–100  J s−1 m−2 K−1, and convection  rather  than  conduction  was  the  limiting  factor,  in agreement  with
published  empirical  data.  The  model  can  thus  form  the  basis  of a quality-by-design  approach  to  remove
HCPs  by  heat  precipitation.  The  limits  and  beneﬁts  of modeling  are  discussed  and  we  provide  examples
of  potential  future  applications.
©  2016  The  Author.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Plants have been used for many years to provide humans with
ood [1], animal feed, and the raw materials to manufacture diverse
oods such as paper [2], textiles [3–5], rubber [6] and fuels [7]. More
ecently, genetic engineering has been used to produce ﬁne chem-
cals and biopharmaceutical proteins from modiﬁed plants [8–11].
his development was driven by the inherent beneﬁts of plants
ompared to microbes and mammalian cells, including inexpen-
ive upstream production, scalability and a low human pathogen
urden [12–14]. Tobacco (Nicotiana tabacum) and N. benthamiana
re frequently used for recombinant protein expression due to their
igh biomass yield and compatibility with rapid transient expres-
ion protocols [10]. Because the target products usually accumulate
nside plant cells, the initial processing operations are designed
Abbreviations: DoE, design of experiments; GMP, good manufacturing practice;
CPs, host cell proteins; QbD, quality by design.
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to disrupt the cells and release the target molecules into solution
[15–17]. These operations are nonselective, so large numbers of sol-
uble and insoluble impurities are also released into the feed stream,
including host cell proteins (HCPs). The HCPs interfere with subse-
quent downstream puriﬁcation steps [18] so their early removal
is beneﬁcial. We  recently found that the heat treatment of crude
plant extracts containing thermostable recombinant proteins can
precipitate the HCPs and reduce the complexity of the feed stream
[19–21]. This also helps to reduce downstream processing costs,
which can account for up to 80% of the overall costs of production
[17,22]. One unique advantage of plants is that heating can also be
carried out by blanching, i.e. the immersion of intact leaves into a
hot water bath (Fig. 1A). This minimizes the quantity of biomass and
liquids that require heating and cooling compared to extracts or cell
culture supernatants. Blanching whole plants instead of individual
leaves simpliﬁes this step even further.
The efﬁcient implementation of a heating step requires infor-
mation about the thermal properties of the biological material in
order to model heat conduction, i.e. the speciﬁc heat capacity cp and
thermal conductivity . It also requires a suitable model describ-
ing thermal conduction and convective heat transfer, including
the heat transfer coefﬁcient h [23]. It is therefore important to
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Conversion of the macroscopic leaf appearance into a ﬁnite volume model used for numeric simulation. (A) Schematic representation of leaf blanching for the
precipitation of HCPs, where plants are submerged into a blanching buffer (blue) kept at a deﬁned temperature by a heat exchanger. (B) Schematic representation of a
tobacco  leaf with a turbulent ﬂow of blanching buffer at temperature TB. (C) Finite volumes (black cubes) with a dimension of x3 are aligned along the x-axis of a leaf
covering its entire height H (i.e. its thickness). Red dots indicate the centers of ﬁnite volumes for which the temperature is calculated during numeric simulation using Eq.
(15) (i = 2) or Eq. (5) (i > 2). The buffer temperature TB is assumed to be equal to that of the outermost volume (i = 1), i.e. the buffer that is in direct contact with the leaf surface.
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peating proceeds from the top and bottom surfaces simultaneously and hence the 
qual  (Tx = H/2). Thus, simulating one half of the leaf is sufﬁcient. (D) The y and z dim
ffects  from the sides along with the heat ﬂux Q in the y and z directions are neglig
haracterize the unprocessed plant biomass in terms of size and
hape, because this will affect the ﬂow of liquid in a blanching
ath and hence the efﬁciency of the heating procedure. Empiri-
al and theoretical formulae have been developed to predict the
hermal properties of plants and plant-derived products [24,25],
n some cases based on their molecular composition [26–28]. The
irect measurement of thermal properties has also been described
29–32]. Heating steps are often used to improve the properties and
uality of plant-derived commodities [33–36].
Here we report the development of a numeric simulation that
odels the blanching of tobacco and N. benthamiana leaves as well
s entire N. benthamiana plants. Energy transport at the leaf sur-
ace and within the leaf tissue are taken into account to calculate
he time required to reach thermal equilibrium based on the envi-
onmental conditions, e.g. the temperature of the blanching ﬂuid.
he results are compared with recent empirical data and we  discuss
he application of the model in the context of a quality-by-design
QbD) compliant process design as recommended by the FDA [37].
he model will facilitate the design of processes and equipment for
eaf/plant blanching during the manufacture of plant-derived bio-
harmaceuticals according to good manufacturing practice (GMP).
. Theory
Convection describes energy transfer from an external medium
nto a specimen, whereas conduction describes the heat ﬂux within
hat specimen [23]. Conduction in a solid body depends on the spec-
men’s density  (kg m−3), speciﬁc heat capacity cp (J kg−1 K−1) and
hermal conductivity  (W m−1 K−1), and in the absence of internal
nergy sources can be described by Eq. (1) [23].
∂T
∂t
= 
cp
2T (1)
here ∂T is the temperature change (K) as a function of elapsed
ime ∂t (s),  is the Laplace operator [38] and T is the temperature
K).
The numeric simulation of temperature gradients within a sam-
le can be achieved using a ﬁnite volume approach [39,40], inrature of the ﬁnite volumes above and below the central leaf plane (light green) is
ns of a leaf are three orders of magnitude larger than its x dimension. Thus, heating
mpared those from top and bottom.
which the leaf is discretized into a ﬁnite number of volumes with
deﬁned dimensions of height, length and width (Fig. 1B and C).
The space/time-dependent temperature gradient within a two-
dimensional specimen can then be calculated using Eq. (2) [23].

b
a
(
Ti−1,j + Ti+1,j − 2Ti,j
)
+ a
b
(
Ti,j−1 + Ti,j+1 − 2Ti,j
)
=
(
cpTi,j|t+t − cpTi,j|t
t
)
(2)
where a  and b  are the spatial increments (m) in the ﬁrst and sec-
ond dimensions, respectively, Ti,j is the temperature (K) at position
i,j and t  is the time increment (s).
The complexity of the equation can be reduced if the vol-
umes used in the numeric calculations are deﬁned as cubes
(x = y  = z), and further simpliﬁcation is possible if symmetries
can be identiﬁed in the specimen and the number of dimensions
can be reduced [41], i.e. heat transfer in certain directions can be
ignored. The y and z dimensions of a tobacco leaf (150–300 mm)
are about three orders of magnitude larger than the x dimension
(<0.3 mm)  so the latter is deﬁned as the leaf height H. The y and z
dimensions can therefore be treated as inﬁnite with a zero net heat
ﬂux compared to the x dimension, i.e. the heat ﬂux from the leaf
edges has a negligible effect (less than 0.5%) on the resulting tem-
perature gradient in the sample. The x dimension thus remains the
only dimension with a relevant temperature gradient and investi-
gating the temperature in different “slices” of the x dimension is
sufﬁcient (Fig. 1C and D). This reduces Eq. (2) to Eq. (3), which can
be solved for the temperature after a time increment Ti|t+t .

x
(
Ti−1j|t + Ti+1|t − 2Ti|t
)
=
(
cpTi|t+t − cpTi|t
t
)
x  ⇔ Ti|t+t
=  t
(
T + T
)
+
(
1 − 2 t
)
T (3)
cp (x)2
i+1|t i−1|t cp (x)2
i|t
Using the equality in the stability criterion for numeric simula-
tions [42] shown in Eq. (4) by selecting a suitable time increment
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t,  the calculation simpliﬁes to the form given in Eq. (5). Fulﬁlling
he stability criterion for numeric simulations is important to pre-
ent the magniﬁcation of approximation errors.

cp
t
(x)2
≤ 1
2
(4)
i|t+t =
Ti+1|t + Ti−1|t
2
(5)
urthermore, symmetry in the x dimension (Fig. 1B) can be assumed
or leaves, i.e. heating from the top and bottom surfaces would yield
imilar results if the leaf is considered isotropic in the x dimension.
he simulation of the x dimension can therefore be reduced from
he entire height of a leaf to the distance from top or bottom to a
entral plane in the leaf blade (Fig. 1C).
The heat transfer coefﬁcient h (J s−1 m−2 K−1) is a measure of
he heat energy transferred to a leaf from the hot ﬂuid in which it is
ubmerged during blanching [23]. This coefﬁcient can be calculated
ased on the unitless Nusselt number Nu,  the thermal conductivity
f the ﬂuid f and the characteristic length L (m), which here is the
ize of the largest dimension in space for each of the three types
f biomass (tobacco and N. benthamiana leaves as well as entire N.
enthamiana plants), using Eq. (6) [23]. Selecting the largest value
or L provided a lower limit for h that can be expected for a given
iomass type. In the case of leaves, the largest dimension in space
as the length from leaf tip to base, whereas for intact plants the
iameter of a bounding sphere was used as the value for L. Changing
he type of biomass, e.g. using leaves from different species or entire
lants, will result in a different value for L and thus will also affect
, as explained further in the Section 3.
 = f(TB)
L
× Nu(Re, Pr)  (6)
The Nusselt number depends on the dimensionless Reynolds
umber Re,  here in its deﬁnition for an object in a moving medium
43], and the Prandtl number Pr [44] as shown in Eqs. (7a) and
7b) respectively. The velocity of the moving medium v (m s−1) can
e estimated using Eq. (7c), a previously published experimental
orrelation with the mixing conditions [45].
e =
(
f(TBvL)
f(TB)
)
(7a)
r =
(
f(TB)cp,f(TB)
f(TB)
)
(7b)
 = 1.387 ×
(
N × d2
(D2 × H)1/3
)
(7c)
here N (Hz) is the speed of a stirrer used to agitate the blanching
uid, d (m)  is the diameter of the stirrer, f (kg m−3) is the density
f the ﬂuid, cp,f is its speciﬁc heat capacity, f is its thermal con-
uctivity, f (Pa s) is its dynamic viscosity, D (m)  is the diameter
f the mixing vessel, and H (m)  is the height of the liquid in the
essel. Based on these deﬁnitions for Re and Pr,  the Nusselt number
an be calculated based on the actual ﬂow regime using Eqs. (8)
nd (9) for laminar and turbulent ﬂow regimes, respectively [23].
 turbulent ﬂow regime is present in a stirred vessel if Re > 10,000
43]. For this model, ﬂuid ﬂow over a rigid, ﬂat surface was  assumed
ecause in practice leaves are held in place either because they are
ttached to the plant stem (if processing intact plants) or contained
n a basket that prevents free ﬂotation in the hot liquid [19]. The
asket used in our experiments has a wide bore with a mesh size
f 50 × 50 mm and webs of 4 mm thickness providing only weak
esistance to the forced convection and liquid ﬂow induced by the
tirrer. Furthermore, less than 2% (v/v) of the basket was  ﬁlled with
eaf biomass thus avoiding zones of stagnant liquid between leaves
nd minimizing the hindrance of forced convection. Therefore, the Journal 109 (2016) 118–126
same governing equations were used for intact plants and single
leaves.
Nu = 0.664 × Re1/2 × Pr1/3; laminar ﬂow (8)
Nu = 0.036 × Re4/5 × Pr1/3; turbulent ﬂow (9)
Substituting Eqs. (8) and (9) into Eq. (6) yields Eqs. (10) and (11),
which can be used to calculate the average heat transfer coefﬁcient
hm.
hm = f(TB)
L
× 0.664 ×
(
f(TB)vL
f(TB)
)1/2(f(TB)cp,f(TB)
f(TB)
)1/3
;
laminar ﬂow (10)
hm = f(TB)
L
× 0.036 ×
(
f(TB)vL
f(TB)
)4/5(f(TB)cp,f(TB)
f(TB)
)1/3
;
turbulent ﬂow (11)
In these formulae, dynamic viscosity, thermal conductivity, density
and speciﬁc heat capacity are functions of the blanching ﬂuid tem-
perature TB (K). The density and speciﬁc heat capacity are affected
by less than 5% and 2%, respectively, in the temperature range
273–373 K [46] but the thermal conductivity and dynamic viscos-
ity change by 22% and >540%, respectively [23,47] (Fig. 2A), which
must be taken into account during numeric simulations. It thus
becomes evident that the blanching ﬂuid temperature TB, stirrer
speed N and stirrer diameter d are the three process parameters
that affect the heat transfer coefﬁcient h. They can be used to con-
trol the time required to reach thermal equilibrium and the ﬁnal
temperature of the specimen. However, different combinations of
the three parameters in concert with the biomass type can yield
the same outcome for h, i.e. increased stirrer speed can compen-
sate for a reduced stirrer diameter. Such redundant outcomes can
be avoided if the three process parameters are combined and only
Re and Pr are used to describe the process conditions (Eqs. (12) and
(13)) thus facilitating a three-dimensional evaluation (Fig. 2B–D).
hm = f(TB)
L
× 0.664 × Re1/2Pr1/3 (12)
hm = f(TB)L × 0.036 × Re
4/5Pr1/3 (13)
If convection (heat transfer from the ﬂuid to the leaf) is ignored,
i.e. we  assume instantaneous equilibrium between the ﬂuid and
outermost leaf volume, the resulting temperature gradient can be
calculated for each volume element i of a leaf according to Eq. (5).
The initial and boundary conditions are shown in Table 1, where T0
is the initial temperature of the plant material.
If convection is taken into account, an additional volume ele-
ment is required representing the blanching ﬂuid for which a
constant temperature is assumed (i = 1). Furthermore, the temper-
ature of the outermost leaf volume (in contact with the ﬂuid, i = 2)
must be calculated according to Eq. (14), which takes into account
the inﬂux of energy from the blanching ﬂuid and efﬂux of energy
to the next volume element of a leaf. The temperature of all other
volumes is still calculated using Eq. (5).
Ti=2|t+t = Ti=2|t + t
(
hmz(TB − Ti=2|t) − (Ti=2|t − Ti=3|t)
cp(z)
2
)
(14)
The initial and boundary conditions for this model are listed in
Table 1.Temperature gradients can also be calculated using a variable
speciﬁc heat capacity cp(T) accounting for a speciﬁc heat capac-
ity of biological samples that increases with temperature [24]. Eq.
(15) has been proposed as a way  to calculate the temperature
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Fig. 2. Inﬂuence of temperature, stirrer speed and stirrer diameter on dynamic viscosity, thermal conductivity, Prandtl number and heat transfer coefﬁcient. The Prandtl
number  (triangles) declines constantly with increasing temperature, whereas dynamic viscosity (diamonds) and thermal conductivity (squares) approach low and high
plateaux, respectively, above 343 K (70 ◦C) (A). The heat transfer coefﬁcient increases with decreasing Prandtl numbers and increasing Reynolds numbers (Eqs. (7a) and (7b)).
A  distinct shift in the predicted heat transfer coefﬁcient can be observed in the range 5000 < Re < 10,000 when Pr > 3.0 as a result of the two different models used for calculation
under  laminar (Eq. (8)) and turbulent (Eq. (9)) ﬂow regimes. The heat transfer coefﬁcient increases with decreasing size of the plant material in the order N. benthamiana
leaves  (D) > tobacco leaves (B) > N. benthamiana plants (C). Hatched regions indicate typical operation ranges for Pr and Re corresponding to 333–373 K (60–100 ◦C) and
5000–500,000 respectively.
Table 1
Initial and boundary conditions during numeric simulations of leaf blanching.
Initial conditions (t = 0) Boundary conditions (t > 0)
Ti=1 = TB Ti=1|t+t = Ti=1|t = TB
Ti=2 = T0 Ti=2|t+t =
⎧⎪⎨
⎪⎩
Ti+1|t + Ti−1|t
2
, no convection
Ti=2|t + t
(
hmz
(
TB − Ti=2|t
)
− 
(
Ti=2|t − Ti=3|t
)
cp(z)
2
)
, with convection
Ti2 = T0 Ti2|t+t =
{ Ti+1|t + Ti−1|t
2
, constant cp

cp
t
(x)2
(Ti+1|t + Ti−1|t ) +
(
1 − 2
cp
t
(x)2
)
Ti|t , variable cp
cp(T),i=1 = cp(TB) cp(T),i=1|t+t = cp(T),i=1|t = cp(TB)
c
w + 1
d
t
t
[
c
a
icp(T),i1 = cp(T0) cp(T),i1|t+t =
{
885 + 33.1 × C
ependency of cp for biological specimens [48], where T is the
emperature and Cw is the water content, which is 88% (m/m)  for
obacco and 93% (m/m)  for N. benthamiana, as previously reported
32].
p(T) = 885 + 33.1 × cw + 1.6 × T
(
1 − cw
)
(15)100
The temperature dependency of cp can be incorporated into
 model by calculating a matrix of cp(T) for each ﬁnite volume
n every iteration of the numeric simulation. Additionally, thep(T0), constant cp
.6 × Ti|t+t
(
1 − Cw
100
)
, variable cp
simpliﬁed temperature calculation described in Eq. (5) can no
longer be used because the differences in cp for the individual ﬁnite
volumes do not permit the selection of a single t that would ful-
ﬁll the equality in Eq. (4) in all iterations. Therefore, Eq. (3) must
be used to calculate the temperature in each volume. Both modiﬁ-
cations increase the computational demand of the simulation. The
initial and boundary conditions are listed in Table 1. A summary
of the biomass parameters is provided in Table 2. All numerical
simulations were conducted using MATLAB R2014a (8.3.0.532) 64-
bit (win64) (MathWorks, Natick, MA,  USA) with double-precision
122 J.F. Buyel / Biochemical Engineering
Table 2
Biomass parameters used in numeric simulations of leaf blanching. The value in
parentheses refers to the processing of whole N. benthamiana plants rather than
single leaves.
Parameter Unit Value
Tobacco N. benthamiana
Characteristic length L (m)  0.299 0.098 (0.479)
Leaf thickness H (m)  0.2244 × 10−3 0.2544 × 10−3
Leaf density  (kg m−3) 747.2 760.0
−1 −1
d
a
t
(
c
t
b
t
a
t
s
f
3
3
l
i
c
o
t
i
t
t
r
d
r
N
r
i
l
T
s
t
t
d
H
e
t
3
t
t
t
ﬁ
w
r
(Speciﬁc heat capacity cp (J kg K ) 3661 2253
Thermal conductivity  (J s−1 m−1 K−1) 0.49 0.41
Water content Cw (%) 88 93
ata (64 bit) according to IEEE standard 754. The accuracy of the
lgorithm was O(t,x2).
The results and discussion section begins by comparing the
hree different types of numeric simulations: (i) only conduction,
ii) convection and conduction, and (iii) convection and conduction
orrected for a temperature-dependent cp(T) in terms of predic-
ions for the temperature gradient proﬁle within a leaf during
lanching and the time required to reach thermal equilibrium. In
his context, modiﬁcations of the blanching setup are considered,
chieved by changing the stirrer size, stirrer speed and blanching
emperature, resulting in different heat transfer coefﬁcients. Pos-
ible improvements of the most suitable model and its suitability
or QbD concepts are also discussed.
. Results and discussion
.1. Simulation of thermal conduction alone predicts unrealistic
eaf heating behaviors
Modeling the heating behavior of plant material during blanch-
ng can be simpliﬁed by limiting the simulation to thermal
onduction within the sample. Therefore, the temperature of the
utermost ﬁnite volume of the biological sample (which contacts
he blanching ﬂuid) was set to the same temperature as the blanch-
ng ﬂuid. Under these conditions, only thermal conduction within
he specimen (, which affects the value of t, Eq. (4)) and the
emperature of the blanching ﬂuid TB (Eq. (5)) determine the time
equired to reach thermal equilibrium, i.e. less than 2 K temperature
ifference between any ﬁnite volume and the blanching ﬂuid. Stir-
er speed and diameter have no effect on the system in this scenario.
umeric simulations revealed that thermal conduction in leaves is
apid, i.e. the temperature gradient (average and geometric mean)
n the leaf between ﬁnite volumes at different distances from the
eaf surface was less than 5 K for all but the ﬁrst two  time intervals.
he leaves reached thermal equilibrium in less than 0.1 s from a
tarting temperature of 295 K (∼22 ◦C) and a blanching tempera-
ure of 350 K (∼77 ◦C) (Figs. 3A and S1). These predictions for the
ime taken to reach thermal equilibration conﬂict with empirical
ata showing that it takes 30–180 s to blanch tobacco leaves [19].
ence, the restriction of modeling to thermal conduction appar-
ntly oversimpliﬁes the system and additional parameters must be
aken into account to improve accuracy.
.2. Convective heat transfer during blanching is affected by the
ype of biomass
A more realistic model can be generated if convective heat
ransfer at the surface of a biological specimen is included in
he simulation. Based on Eqs. (6)–(13), the heat transfer coef-
cient h depends on the blanching ﬂuid temperature (TB) as
ell as stirrer speed (N) and diameter (d), which can be rep-
esented by the dimensionless Reynolds and Prandtl numbers
Eqs. (7a) and (7b), respectively). Blanching temperatures in the Journal 109 (2016) 118–126
343–363 K (70–90 ◦C) range have been reported [19–21] result-
ing in Prandtl numbers of 2.4–2.6 for aqueous solutions [23].
These values are widely applicable and remain valid if a buffer is
used instead of pure water because the thermal conductivity of
salt solutions (0.65 J s−1 m−1 K−1 for 2.7 M NaCl at 353 K) [49] is
similar to that of water (0.69 J s−1 m−1 K−1 at 353 K) [50]. Values
for Re in the current series of experiments fell within the range
5 × 103–4 × 105, given the same temperature range, a stirrer diam-
eter of 0.05–0.20 m and a stirrer speed of 50–200 Hz. The resulting
heat transfer coefﬁcients were 0.2–90.0 (J s−1 m−2 K−1) for tobacco
leaves, 0.1–10.0 (J s−1 m−2 K−1) for whole N. benthamiana plants
and 5–300 (J s−1 m−2 K−1) for N. benthamiana leaves (Fig. 2B–D).
The differences in the heat transfer coefﬁcients among the biolog-
ical samples arise from the different characteristic lengths L of the
processed materials, i.e. tobacco leaves (0.299 ± 0.057 m,  n = 16), N.
benthamiana leaves (0.098 ± 0.024 m,  n = 16) and N. benthamiana
plants (0.479 ± 0.071 m,  n = 16) (Table S1). According to Eq. (7a) as
well as Eqs. (12) and (13), the average heat transfer coefﬁcient hm
is proportional to L−0.5 for laminar ﬂow or L−0.8 for turbulent ﬂow.
Using whole plants instead of leaves reduces the amount of han-
dling required but increases the time required to reach thermal
equilibrium, given that all other process conditions remained con-
stant. The type of biomass can therefore have a direct impact on
the duration of processing. However, Eqs. (12) and (13) can be used
to compensate for this effect, e.g. by calculating a stirrer speed that
accommodates the increased characteristic length without extend-
ing the duration of blanching. The blanching model can thus be used
to adjust the process and achieve robust performance in line with
the concepts of QbD.
As expected, the heat transfer coefﬁcient values for all biological
samples were higher than those reported for free convection at
air/leaf interfaces (∼7 J s−1 m−2 K−1 for tobacco leaves) [51] because
the speciﬁc heat capacity of liquids is higher than that of gasses.
3.3. The combined simulation of thermal conduction and
convection predicts blanching behaviors that match empirical
data
Three numeric simulations using low, medium and high val-
ues of h (Table 3) were carried out for each type of biological
material (Figs. 3B and S2). The calculated temperature proﬁles
showed that thermal equilibrium was reached in less than 150 s
for all samples when the medium and high heat transfer coef-
ﬁcients were used, and no relevant temperature gradient was
observed within the leaf material (Figs. 3B and S2). The inﬂuence
of the blanching ﬂuid temperature and heat transfer coefﬁcient
was therefore investigated in a two-dimensional plot of sample
temperature versus blanching time (Fig. 3C and D). Thermal equi-
librium was  reached in less than 60 s for heat transfer coefﬁcients
greater than 10 J s−1 m−2 K−1, whereas ∼200–450 s was required if
h fell within the range 2–10 J s−1 m−2 K−1. The temperature of the
blanching ﬂuid did not have a relevant effect on the time required
to reach thermal equilibrium. These results show that leaf blanch-
ing can be completed within 5 min  even with moderate agitation
(h = 5 J s−1 m−2 K−1) so that extended hold steps are unnecessary,
and the timely processing of raw material will not be delayed in
large-scale applications.
The times required to reach thermal equilibrium under medium
to high convective heat transfer rates were consistent with pub-
lished empirical data reporting leaf heat treatment lasting 30–600 s
[19–21]. According to these experimental data, incubation of the
biomass beyond the point of thermal equilibrium was  not neces-
sary to precipitate plant HCPs efﬁciently if blanching temperatures
above 65 ◦C were selected, as was the case in this investigation. The
data presented here also agree with previous results for air/leaf
interfaces where simulations yielded typical thermal relaxation
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Fig. 3. Numeric simulation results for the blanching of tobacco and N. benthamiana leaves. (A) Thermal equilibrium was reached within ∼0.1 s if only thermal conduction
in  the leaf (here tobacco) was modeled. In this time interval, temperature differences reﬂecting the distance to the leaf surface were detectable. (B) In a model accounting
for  thermal conduction and convective heat transfer at the leaf surface, the time required to reach thermal equilibrium increased to 10–60 s depending on the heat transfer
coefﬁcient and biomass type (in this example, tobacco leaf and h = 45 J s−1 m−2 K−1). The temperature gradient over different distances from the leaf surface was  irrelevant
at  this time scale. Temperatures at negative distances from the leaf surface represent the blanching ﬂuid which was  set to 350 K (∼77 ◦C) in (A) and (B). (C) Temperature
proﬁles of tobacco leaves during blanching in a ﬂuid with heat transfer coefﬁcients of 0.1 (open symbols), 5 (solid bottom), 45 (solid top) and 90 (solid) J s−1 m−2 K−1. (D)
Temperature proﬁles of N. benthamiana leaves during blanching in a ﬂuid with heat transfer coefﬁcients of 0.1 (open symbols), 5 (solid bottom), 10 (solid top) and 150 (solid)
J  s−1 m−2 K−1. The temperature of the blanching ﬂuid was set to 340 K (∼67 ◦C; downward triangles), 345 K (∼72 ◦C; squares) or 350 K (∼77 ◦C; upward triangles) during the
numeric simulations shown in (C) and (D) and only one per 3000 data points is plotted for clarity. An ambient temperature of 295 K (∼22 ◦C) was used for all calculations
shown here.
Table 3
Values of the heat transfer coefﬁcient h used in numeric simulations of the blanching of tobacco and N. benthamiana leaves as well as entire N. benthamiana plants along with
the  times required to reach thermal equilibrium (teq), i.e. less than 2 K below TB.
Convective heat
transfer
Low MediumHigh
Biological material h
(J s−1 m−2 K−1)
teq (s) h
(J s−1 m−2 K−1)
teq (s) h
(J s−1 m−2 K−1)
teq (s)
t
c
3
m
w
wTobacco leaves 0.2 >600 
N.  benthamiana leaves 5.0 150 
N.  benthamiana plants 0.1 >600 
imes of 40 s for mixed convection and more than 80 s for free
onvection [52].
.4. Temperature-dependent speciﬁc heat capacity has only
arginal effects on the simulation resultsThe speciﬁc heat capacity cp of biological samples can increase
ith temperature [24]. This may  reﬂect protein denaturation,
hich can increase the speciﬁc heat capacity of a sample in a cer-45.0 22.1 90.0 10.5
150 5.0 300 3.0
5.0 150 10.0 73.0
tain temperature range [28]. For plant HCPs this range is 313–338 K
(40–65 ◦C) which is also relevant during blanching [19,20], e.g.
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and
RuBisCO activase denature at 338 K (65 ◦C) and 313 K (40 ◦C),
respectively [53]. Given protein concentrations of 10–20 g kg−1biomass for fresh leaves [54] and denaturation enthalpies of
2–4 kJ kg−1 K−1 [55,56], the speciﬁc heat capacity of a sample may
vary by more than 5%. The predictive power of a model could there-
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Fig. 4. Comparison of numeric simulation results for heat transfer models accounting for convection and conduction (solid symbols) and a combination using temperature-
dependent speciﬁc heat capacity (open symbols). (A) Temperature proﬁles for blanching of tobacco leaves with h values of 0.2 (downward triangles), 5.0 (leftward triangles),
45  (rightward triangles) and 90 (upward triangles) J s−1 m−2 K−1. (B) Temperature proﬁles for blanching of N. benthamiana leaves with h values of 0.1 (downward triangles),
5.0  (leftward triangles), 10.0 (diamonds), 150 (rightward triangles) and 300 (upward triangles) J s−1 m−2 K−1. (C) Temperature difference between the model predictions
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osing  ﬁxed and variable cp values for N. benthamiana leaves, where h = 5.0 (downw
as  set to 350 K for all calculations.
ore be increased by including the temperature dependence of cp
n a numeric simulation because the underlying thermodynamics
re represented in more detail.
No relevant temperature difference was observed for tobacco
eaves (Fig. 4A) when model predictions using constant or vari-
ble cp values were compared. In contrast, a temperature difference
f up to 10 K was observed for N. benthamiana leaves (Figs. 4B
nd C and S3) but only for heat transfer coefﬁcients in the
–30 J s−1 m−2 K−1 range. A temperature-dependent cp increased
he time required to reach thermal equilibrium by ∼120 s for N.
enthamiana leaves and the temperature proﬁles resembled those
f tobacco leaves for the same value of h. Using Eq. (15) to calculate
he temperature-dependent cp yielded values of ∼3970 J kg−1 K−1
n the 333–373 K range regardless of the biomass type. These val-
es were similar to that observed for tobacco when a constant cp
alculation was used (Table 2) but were ∼50% higher than the value
alculated for N. benthamiana. Thus, a temperature-dependent cp
ncreased the amount of energy required to increase the tempera-
ure in N. benthamiana samples in the simulations, prolonging the
ime required to reach thermal equilibrium. However, Eq. (15) was
eveloped for fruit juices and may  not adequately represent N.
enthamiana leaves. There was only a marginal difference in the
emperature proﬁles between models with constant and variable
p values for tobacco, so the latter model is unlikely to yield sub-
tantial improvements over a simpler and thus faster model using
onstant cp values. The omission of temperature dependence for
alues of cp, e.g. due to protein denaturation, therefore appears a
ractical approach for modeling the blanching of plant biomass.
.5. Prospective improvements to the simulation and potential
bD applications
In the models described herein, the inclusion of temperature-
ependent cp values did not improve the results of numeric
imulations in terms of more realistic leaf temperature proﬁles. This
robably reﬂects the general nature of the formula used to calcu-
ate the temperature dependence of cp given that it was developed
or fruit juices [48]. However, if the HCP composition of the plant
aterial is analyzed in more detail, as recently suggested for other
xpression systems [57], a function to calculate the temperature
ependence of cp could be developed that is tailored for Nicotiana
pecies taking into account the properties of individual proteins, as
ecently used to predict the most effective chromatography-based
eparations [58]. Such formulae may  help to improve the accuracy
f the numeric simulation discussed herein.angles) or h = 10 (upward triangles) J s−1 m−2 K−1. The blanching ﬂuid temperature
The models described in this article calculate the heat trans-
fer coefﬁcient h based on the assumption that the leaf surface is
even. Theoretical investigations of heat transfer at an air/leaf inter-
face have shown that gas emitted from stomata can affect the heat
exchange between a biological sample and its environment [59].
The inclusion of such effects in the model may  also improve its
predictive power. However, the effect of gas release is unlikely to
have a major impact during blanching because gas emission is spa-
tially limited to stomata that account for less than 5% (a/a) of the
sample surface [60,61]. In our experience, no air bubbles form on
or cling to the leaf surface during blanching to reduce convective
heat transfer, especially under turbulent ﬂow conditions.
The results of the numeric simulations discussed herein conﬁrm
that the heat precipitation of plant HCPs can be achieved rapidly
given adequate heat transfer coefﬁcients, thus reducing the risk
of adverse effects such as target protein denaturation. Blanching
can therefore be used as an initial non-chromatographic puriﬁ-
cation step for plant-derived recombinant proteins, as previously
suggested [19]. Furthermore, the results for low heat transfer coef-
ﬁcients indicate that the insufﬁcient agitation of blanching ﬂuid
(Re < 5 × 103) or low water bath temperatures (TB < 340 K) can delay
the heating process so that thermal equilibrium is not reached
within 600 s (Fig. 3C and D). Under these circumstances, the HCPs
may  not be fully denatured and could bind to chromatography
resins, thus interfering with downstream puriﬁcation steps [18] or
even compromising product quality if the target protein is affected
by host cell proteases that remain intact after heating [62,63]. In
this context, the numeric simulations can be used to evaluate the
design of process steps and equipment in terms of their capacity to
facilitate the effective blanching of different types of plant biomass.
This is necessary because the properties of plant biomass are such
that simply increasing the temperature and/or agitation rate is not
sufﬁcient to achieve effective blanching. For example, the biomass
may  be disrupted if blanching ﬂuid agitation generates Re values
>5 × 105 resulting in premature product release and loss. Such Re
values are intentionally generated in blade-based homogenizers
[15,16,20]. Agitation during blanching may  therefore need to be
limited, and the numeric simulation presented here could be used
to determine if effective blanching remains possible under these
conditions.
Different types of plant biomass can be processed depending
on the recombinant protein product, e.g. leaves from transgenic
tobacco plants may  be used in large-scale settings whereas N. ben-
thamiana plants or leaves may  be used in the context of a rapid
response to a pandemic threat such as Ebola virus disease [64]. The
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ype of biomass will affect the heat transfer coefﬁcient and thus the
ime required for blanching so that adjustments to the process are
equired to ensure robustness. These adjustments, e.g. changes in
tirrer speed or blanching time, can be calculated using the simu-
ation described in this article. The simulation model could also be
sed to evaluate the robustness of blanching in terms of varying
rocess conditions, e.g. changes in the ﬂuid temperature reﬂecting
nertia in the control circuit. It will therefore facilitate compliance
ith QbD guidelines issued by the regulatory authorities [65].
. Conclusions
This study shows how numeric simulations of blanching can be
sed to gain deeper insight into the mechanisms that affect produc-
ion processes based on leafy plant biomass and how models can be
sed to evaluate the suitability of process equipment. Three differ-
nt models with increasing complexity were developed, accounting
olely for thermal conduction, or a combination of conduction and
onvection, or expanding the latter combination by accommodat-
ng the temperature-dependent speciﬁc heat capacity of biological
amples. A model based solely on conduction did not agree well
ith empirical data, indicating that convective heat transfer is a
ate limiting step during blanching and must be included in the
alculations. The improved model agreed well with the empirical
ata, and expanding it to include a temperature-dependent cp did
ot improve its accuracy any further. In the future, the predictive
ower of the numeric simulation could be increased by tailoring the
emperature dependence of cp to the speciﬁc properties of the plant
iomass, e.g. by analyzing the HCPs and their thermal properties in
ore detail.
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